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ABSTRACT Water proton spin-lattice relaxation is studied in dilute solutions of bovine serum albumin as a function of
magnetic field strength, oxygen concentration, and solvent deuteration. In contrast to previous studies conducted at high
protein concentrations, the observed relaxation dispersion is accurately Lorentzian with an effective correlation time of 41 
3 ns when measured at low proton and low protein concentrations to minimize protein aggregation. Elimination of oxygen
flattens the relaxation dispersion profile above the rotational inflection frequency, nearly eliminating the high field tail
previously attributed to a distribution of exchange times for either whole water molecules or individual protons at the
protein–water interface. The small high-field dispersion that remains is attributed to motion of the bound water molecules on
the protein or to internal protein motions on a time scale of order one ns. Measurements as a function of isotope composition
permit separation of intramolecular and intermolecular relaxation contributions. The magnitude of the intramolecular proton–
proton relaxation rate constant is interpreted in terms of 25  4 water molecules that are bound rigidly to the protein for a
time long compared with the rotational correlation time of 42 ns. This number of bound water molecules neglects the
possibility of local motions of the water in the binding site; inclusion of these effects may increase the number of bound water
molecules by 50%.
INTRODUCTION
Solvation by water is fundamental to protein dynamics,
thermodynamics, and function. Nuclear magnetic relaxation
provides a powerful approach to characterizing molecular
dynamics in general. In particular, the magnetic field de-
pendence of spin-lattice relaxation rate constants provides a
test of the usual theoretical models that are used to interpret
the relaxation data and yields correlation times directly as
inflection points in relaxation dispersion profiles. Magnetic
relaxation dispersion (MRD) measurements on protein so-
lutions have been studied in this context since 1969 (Koenig
and Schillinger, 1969), but details of interpretation have
been debated (Koenig et al., 1975; Bryant, 1978, 1996;
Halle et al. 1981; Halle and Denisov, 1995; Kimmich,
1990a,b; Koenig and Brown, 1991; Koenig et al., 1993).
There have been major advances using 17O MRD (Denisov
et al., 1995; Denisov and Halle, 1995; Denisov et al., 1996;
Denisov and Halle, 1996; Denisov et al., 1997; Denisov and
Halle, 1998; Torres et al., 1998; Denisov et al., 1999;
Langhurst et al., 1999; Baguet and Hennebert, 1999). The
proton relaxation case has remained less clear. There are
three main issues: The proton relaxation dispersion pro-
duces a correlation time for the rotational motion of the
protein that is generally longer than that obtained from other
measures of rotational mobility (Hallenga and Koenig,
1976). The usual models for nuclear spin relaxation predict
that the dispersion should be Lorentzian, but most observa-
tions reported to date have not fit this simple model. Rather,
the dispersion curves are broader and sometimes not sym-
metric, which may have various interpretations, including
some form of correlation time distribution (Halle et al.,
1998). Finally, the high-field portion of the relaxation dis-
persion often appears more highly broadened than the low-
field portion, implying that an additional high-frequency
process contributes to the relaxation events. This high-field
tail has been attributed to a distribution of proton lifetimes
at the protein–water interface (Bryant, 1996).
We have constructed a new MRD spectrometer that pro-
vides high sensitivity and high resolution measurements at
much lower spin concentrations than previously detectable
(Wagner et al. 1999). Measurement of water–proton spin-
lattice relaxation rate constants under conditions of high
deuteron substitution provides a significant expansion of the
dynamic range of the MRD experiment by minimizing the
intra- and intermolecular water–proton dipole–dipole inter-
actions. That is, the limiting relaxation rate constant is
lowered from approximately 0.3 s1 for pure H2O to about
0.03 s1 for the residual protons in 99.9% D2O. This gain in
dynamic range permits study of the relaxation dispersion
profiles for protein solutions at much lower protein concen-
trations than was previously practical.
In the current study, we present MRD data obtained from
dilute solutions of bovine serum albumin (BSA) in H2O and
in D2O. In contrast to previous MRD studies of protein
solutions, the present data are easily fit with a simple
Lorentzian function without recourse to proton exchange
effects, distributions of exchange rates, protein aggregation,
or other ad hoc assumptions. The inflection point in the
relaxation dispersion curve is directly related to the rota-
tional correlation time of the water–protein complex. Com-
pared with studies of concentrated protein solutions, the
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rotational correlation time reported by the relaxation disper-
sion curve is in excellent agreement with fluorescence de-
polarization measurements and hydrodynamic calculations.
These measurements suggest that the non-Lorentzian shape
of the relaxation dispersion profile and the long rotational
correlation times deduced from the inflection frequencies of
previous studies resulted from the effects of high protein
concentration that include protein aggregation. Further-
more, the effects of dissolved molecular oxygen are signif-
icant. In deoxygenated samples, the high-field distortion is
eliminated. Finally, comparison of proton relaxation rate
constants in H2O and in D2O permits assessment of the
relative contributions of intra- and intermolecular proton
dipole–dipole relaxation mechanisms in the protein-bound
environment. This separation provides an assessment of the
number of slowly exchanging water–molecule binding sites
on the protein.
THEORY
The proton spin-lattice relaxation rate constants for water
that exchanges with protein sites in solution are a weighted
average of relaxation interactions in bound and unbound
environments. When the protein concentration is low, the
observed relaxation may be written
R1,obs PfreeT1,free
1 PboundT1,bound ex
1, (1)
where Pfree  1  Pbound and Pbound is the probability that
the water is bound; T1,free and T1,bound are the relaxation
times of the free and bound environments, respectively; and
ex is the mean residence time in the bound environment.
The probability may be written simply as
Pbound
protein
water
, (2)
where the brackets denote concentration.
The mean residence time, ex in Eq. 1, is often not known
and may have a distribution of values reflecting a variety of
binding sites. The effect of ex is negligible provided that it
is longer than the rotational correlation time, rot, of the
complex (5–100 ns) and shorter than T1,bound, the relaxation
time of the bound environment (	1–10 ms for proteins).
This range of bound-state lifetimes thus provides an oper-
ational definition for a rotationally correlated spin pair as
distinct from translationally correlated (ex 
 rot) or non-
exchanging (ex 		 T1,bound) spin pairs. There is conver-
gence on the view that the observed magnetic spin relax-
ation in protein solutions is caused primarily by a relatively
small number of water molecules that exchange slowly
relative to the rotational reorientation of the protein (Koenig
and Schillinger, 1969; Koenig, 1995; Bryant, 1996; Denisov
and Halle, 1996).
Eq. 1 shows that the observed water–proton relaxation
rate constant is the bound relaxation rate constant scaled by
the probability that the water is bound. The bound relaxation
rate constant, 1/T1,bound, represents a sum of contributions
from separate intra- and intermolecular dipolar interactions.
In H2O, both the intra- and the intermolecular interactions
are homonuclear, and the relaxation is determined by a sum
of terms of the form
R1D
2
5
I
4 2
rIS
6 II 1A
2JI 4J2I, (3)
where I is the proton magnetogyric ratio,  is Planck’s
constant divided by 2, rIS is the distance between the two
spins, A2 is an order parameter that scales the dipolar
interactions as a result of internal motions, and J() is the
spectral density that characterizes the magnetic noise caused
by molecular motion (Abragam, 1961). The intra- and in-
termolecular interactions differ in the number and separa-
tion distance of the interacting spins. For protein-bound
H2O, there is only one intramolecular spin pair separated by
1.58 Å. There are also an unknown number of intermolec-
ular proton–proton contacts characterized by larger inter-
moment distances. At a minimum, these spins are separated
by the van der Waals proton–proton contact distance of
approximately 2.2 Å, but they are more accurately repre-
sented by a sum over a number of separate interactions with
unknown internuclear distances. Consequently, the relative
importance of the intra- and intermolecular relaxation
mechanisms to the observed spin is difficult to define. The
problem is further complicated by contributions from labile
protein protons associated with amides, amines, alcohols,
etc. Labile protein sites with fast exchange rates contribute
to the relaxation dispersion much as does the exchange of
bound water molecules. In the present study, these effects
are indistinguishable from intermolecular water–protein re-
laxation effects because they dilute with the isotope substi-
tution of deuterium for hydrogen.
In D2O solutions, the detected residual protons are found
primarily in HDO molecules for which the relaxation is
somewhat different than in H2O. The intramolecular dipolar
interactions are heteronuclear and given by
R1D
2
15
I
2 S
2 2
rIS
6 SS 1
 A2JI	S 3JI 6JIS, (4)
where the symbols have the same meanings as above and
S  1 for deuterium. In an HDO molecule, the intramolec-
ular relaxation rate constant is 24.3 times smaller than in
H2O. This scaling leads to
1H relaxation dispersions in
D2O–protein solutions, which would be nearly undetectable
if deuterons were the sole relaxation mechanism. However,
a significant dispersion is detected because the intermolec-
ular (H–H) homonuclear relaxation mechanism remains. By
comparison of the observed relaxation dispersion detected
in HDO with that in H2O, it is possible to separate the
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relative contributions of intra- and intermolecular relaxation
mechanisms in protein solutions.
Two types of motion are important for the bound water
molecules: the overall rotation of the protein molecule, and
any motions of the water in the binding site or motions of
the binding site components. The overall rotation of BSA is
nearly isotropic, leading to Lorentzian spectral densities.
For fast librational motions of the ligand in the binding site,
the spectral densities are more difficult to determine and
may differ for the intra- and intermolecular mechanisms. In
particular, for the intermolecular interactions, the intermo-
ment distance is also modulated with the correlation time of
the relative motion, considerably complicating the relax-
ation model (Huang and Freed, 1975; Freed, 1978). In any
case, the resolution of our experiment is currently insuffi-
cient to distinguish between the subtleties of different in-
ternal motions, so their effects are gathered in the order
parameter, A2. For H–H interactions in a bound water mol-
ecule, the order parameter may range from 1 to 0.25 de-
pending on the type and range of the motion. For water
twisting and slewing, the order parameter has been calcu-
lated as
A2 1	 3 sin2
 cos2
, (5)
where 
 is the half angle of the libration (Venu et al., 1997)
The relaxation rate constant of the free environment,
1/T1,free, is also a sum of terms. The intramolecular H–H and
H–D dipolar relaxation contributions for the free solvent
molecules do not disperse within the frequency range of our
experiment and appear only as shifts in the baseline rate
constant. The free ligand is also relaxed by translational
contacts with the protein surface (c  10–100 ps). These
are homonuclear dipolar interactions in both solutions, but
they also disperse beyond the range of accessible Larmor
frequencies and provide only a baseline shift.
Small amounts of paramagnetic materials cause efficient
nuclear spin relaxation because of the large electron mag-
netogyric ratio (e  658H). Under normal atmospheric
conditions, oxygen dissolves in water to approximately 0.27
mM. In the absence of protein, the observed MRD is very
nearly Lorentzian with a correlation time of approximately
6 ps, which we attribute to the electron spin-lattice relax-
ation time, T1e (Teng et al. unpublished).
EXPERIMENTAL
BSA (Fraction V, Sigma #3509A, St. Louis, MO) was used
without further purification. Stock solutions of 5% wt/v
protein were adjusted to pH or pH* of 6.95 and diluted to
1% wt/v, which corresponds to 0.15 mM concentration
based on a 68 kDa molecular mass. Samples in equilibrium
with air were used without further manipulations. Equili-
bration with other gases was achieved by bubbling either
100% N2 or 100% O2 through the sample at a rate of 2–3
bubbles/s for at least one hour. Samples were sealed in
threaded Delrin sample holders with nylon screws that
compressed silicone o-ring cord-stock plugs (Wagner et al.,
1999).
The MRD data were obtained using a dual magnet spec-
trometer described elsewhere (Wagner et al., 1999). This
system uses a superconducting 7.05T solenoid in tandem
with a GMW 4-inch variable field electromagnet. The two
magnets are isolated by an iron shield. The spin system is
polarized in the high-field magnet, shuttled pneumatically
to the remote electromagnet where the magnetization is
allowed to decay for a variable time. The sample is then
pneumatically returned to the high-field environment where
the remaining magnetization is immediately quantified us-
ing a 90° pulse. A homebuilt dual resonance probe was used
with a 300-W broadband (American Microwave Technol-
ogy, Brea, CA) model 3304 rf amplifier. The experiments
were performed at ambient laboratory temperature, main-
tained at approximately 294 K. Nonlinear fits to the data
were performed using the Igor (WaveMetrics, Lake Os-
wego, OR) software package for the MacIntosh computing
platform.
RESULTS AND DISCUSSION
Data collected from a series of dilute solutions of BSA are
shown in Fig. 1. The plots labeled A, B, and C, show the
spin-lattice relaxation rate constants obtained from residual
protons in dilute D2O solutions of BSA containing varying
amounts of dissolved oxygen. Figure 1 A shows data col-
lected from a sample in equilibrium with air (21% O2 by
volume). This relaxation dispersion profile has two distinct
dispersion steps. The dispersion at the lower Larmor fre-
quency occurs at 1.3 MHz, corresponding to a rotational
correlation time of 42 ns, appropriate for this large protein.
The high-frequency dispersion occurs at 20 MHz, appro-
priate for an internal protein motion, motion of the bound
water molecules, or relaxation of a paramagnetic electron
spin. The dispersion is too large to be caused by a distribu-
tion of proton or water molecule exchange times.
In a dilute BSA sample in D2O equilibrated with 100%
N2, the relaxation data shown in Fig. 1 C is completely
dominated by a single dispersion at low field. The high-field
dispersion is significantly reduced, although not entirely
removed. Figure 1 B shows data collected from a similar
sample equilibrated against 1 atm of 100% O2. Here, the
high-field dispersion is significantly larger. We thus at-
tribute the high-field dispersion in Fig. 1 A to the spin-
lattice relaxation induced by the proton–oxygen–electron
dipolar coupling that is modulated by the oxygen T1e. The
oxygen dispersion is small, 0.075 s1 in air, and it is only
with the improved instrumentation of the sample shuttle
HR-MRD that we are able to measure it accurately. Clearly,
minute amounts of dissolved paramagnetics may have sig-
nificant effects on the observed relaxation dispersion pro-
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files when baseline rate constants are small. These effects
are not expected to be significant in 2H or 17O studies where
the nuclei relax primarily by the nuclear electric quadrupole
mechanism, and dipole–dipole effects are negligible by
comparison.
In the absence of oxygen, as shown in Fig. 1, C and D, the
MRD profiles may be fit with single Lorentzian dispersions
that yield protein rotational correlation times of 41  3 ns
in H2O and 51 4 ns in D2O. The difference is proportional
to the difference in the viscosities between the two solvents,
and the result is in agreement with fluorescence depolariza-
tion measurements taken in extremely dilute solutions (Ter-
petschnig et al., 1995). These simple dispersion curves
demonstrate that the broadening often observed in water
proton dispersion curves, which has been the subject of
considerable discussion, is the result of protein aggregation
associated with the high protein concentrations previously
required in such studies. In comparison with previous stud-
ies, this result represents a considerable simplification and
allows a more detailed analysis of the data than was previ-
ously reasonable.
As described above, comparison of the data in Fig. 1, C
and D, obtained from deoxygenated D2O and H2O solu-
tions, respectively, allows separation of the relative magni-
tudes of the relaxation contributions from intra- and inter-
molecular dipolar mechanisms. The experimentally
observed relaxation dispersion magnitudes are a function of
the correlation time of the motion, which differs in the two
solutions because of the difference in viscosities. This de-
pendence can be removed by defining a parameter,  
R1/c, in which R1 is the magnitude of the observed
dispersion (Denisov and Halle, 1996). If we assume that the
water–protein binding equilibrium does not change upon
isotopic substitution, the scale parameters for the relaxation
dispersions observed in the two solvents are related by the
simultaneous equations,
H2O WH2O WPHH, (6)
D2O WHOD WPHH, (7)
where W is the relaxation component due to intramolecular
dipolar interactions, WP is the intermolecular relaxation
component, and the prime indicates a reduction caused by
deuteron substitution in the water binding site on the pro-
tein. These two equations can be related as
H2O D2O, (8)
WH2O WHOD, (9)
WPHH WPHH, (10)
where  is the ratio of the observed dispersion scale factors
in the two solvents,  is 24.3, the scale factor between H–H
and H–D relaxation mechanisms, and  is the reduction in
the intermolecular relaxation contribution due to deuterium
substitution on the protein near the water binding site. The
magnitudes of the observed dispersions are 9.35  105 s2
in D20 and 4.44 10
6 s2 in H2O. Neglecting the effects of
deuteron substitution on the protein (  1), we find that
intermolecular relaxation mechanisms account for 83.9% of
the relaxation dispersion in D2O solution, but only 17.7% in
H2O. These values represent the relative magnitudes of the
intra- and intermolecular relaxation rate constants, averaged
over all of the water binding sites in BSA with exchange times
between 40 ns and 1 ms. Reducing  causes the relative
importance of the intermolecular interactions to decrease.
FIGURE 1 1H spin-lattice relaxation rate constants for protons in aque-
ous solutions containing 1% (w/v) BSA at pH*  7.0, and ambient
laboratory temperature of 294 1 K. (A) The protein was dissolved in D2O
and the residual protons measured after equilibration with air. (B) The
protein was dissolved in D2O and the residual proton measured after the
solution was equilibrated with 1.0 atm oxygen gas. (C) The protein was
dissolved in D2O and the residual protons measured after the solution was
equilibrated with 1.0 atm nitrogen gas. (D) The protein was dissolved in
H2O and the proton relaxation rate constants measured after the solution
was equilibrated with 1.0 atm nitrogen gas. The top and bottom axes
indicate the electron Larmor frequency and the lower axis indicates the
proton Larmor frequency in units of rad/s.
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Using this result for the relative intra- and intermolecular
relaxation contributions, we may draw a number of addi-
tional conclusions by analyzing the magnitude of the ob-
served relaxation dispersions. In H2O, the magnitude of the
intramolecular relaxation contribution of protein-bound wa-
ter molecules is 3.66  106 s2. For a single, rigidly bound
H2O molecule rotating with the observed protein rotational
correlation time of 41 ns, the factor  is 5.5 1010 s2. The
proportion of bound water molecules may be calculated
from the ratio of the protein and water concentrations,
neglecting the equilibrium constant in Eq. 3, to get 2.64 
106. If only one water molecule were bound to each
protein molecule, the observed relaxation dispersion factor
 due to the intramolecular0 dipolar interaction would be
1.45  105 s2. Comparing this value with the observed
intramolecular contribution leads to an estimate of 25  4
water binding sites on the protein.
This result is close to previous reports based on different
data. Denisov and Halle (1966) previously estimated NI for
BSA as 30–60, whereas triple quantum filtered studies
indicated approximately 40 bound waters in this protein.
(Baguet, 1996). There are two assumptions made in arriving
at the current number. First, we have assumed that the
intermolecular relaxation does not change upon isotopic
dilution with deuterons. Approximately 10% of the protein
protons will exchange for deuterons in D2O, primarily at
backbone amide sites. This substitution effectively reduces
the intermolecular dipolar interactions. Venu et al. (1997)
calculated this reduction for a single water molecule binding
site in BPTI and found a rather large decrease of 57% in this
contribution to the relaxation. Using this value for  in Eq.
12 decreases the apparent number of binding sites to 16
which is much lower than the previous estimates.
The second assumption concerns the effects of rapid
motions of the water molecule when bound to the protein.
The bound water may have some orientational freedom in
the binding site or binding site protein residues may suffer
conformational fluctuations. In either case, such motions
will lead to an order parameter, A2, less than unity in Eqs.
4 and 5. The result is an increase in the apparent number of
water binding sites. For BPTI, Venu et al. (1997) found one
water bound essentially rigidly and three others with aver-
age order parameters of approximately 0.68. Combining
these numbers leads to an average order parameter of 0.76,
which increases the apparent number of water binding sites
to 33 if   1 or 21 if   0.43. Moreover, since these two
corrections have opposite effects on the apparent number of
binding sites, incorporating them into the analysis does not
significantly change the outcome. Because proton exchange
effects appear in the intermolecular component of the re-
laxation, they do not interfere in this calculation, which is
based on the intramolecular component of the dispersion.
The relative scaling of  for these sites may be different for
the different water sites, but this discussion suggests that the
essential result does not change very much.
The separation of the intra- and intermolecular contribu-
tions to relaxation made here represents an average over the
25 or more water molecule binding site provided by serum
albumin. To the extent that this average approximates well
the binding site proton–proton contacts for protein sites in
general, this measurement permits writing a general expres-
sion for relating the number of bound water molecules in
terms of the correlation time and the relaxation dispersion
amplitude:
NI b
R1,obs
proteinc
, (11)
where R1,obs is the magnitude of the observed relaxation
dispersion in H2O, [protein] is the protein concentration in
mol/L, c is the correlation time associated with the disper-
sion, and b is a constant equal to 8  1010 s2 mol/l, which
includes the average fraction of intramolecular relaxation
based on these BSA results. Furthermore, studies carried out
in D2O will be much more sensitive to factors affecting
relaxation of the protein protons than will studies in H2O
because of the stronger dependence on intermolecular re-
laxation mechanisms.
The magnitude of the heteronuclear contribution to the
relaxation reflects the binding site proton–proton contacts
between the bound water molecule and the protein. Using
the factor associated with intermolecular relaxation mecha-
nisms and comparing it to the relaxation contribution ex-
pected from a van der Waals proton–proton contact (r 2.2
Å), we may estimate the average number of protein protons
in van der Waals contact with the bound water molecules.
This calculation is somewhat sensitive to the value of , but
the result varies from 1.57 proton–proton van der Waals
interactions per bound water molecule when   1 to 4.2
interactions when  0.4. Not surprisingly, this latter value
is more in line with the results of Venu et al. (1997), who
found 11 proton–proton interactions with separation dis-
tances of 1.9 to 3.0 Å for a single bound water in BPTI.
In both solvent systems studied, a small high-field dis-
persion was observed even in deoxygenated solutions. This
dispersion may be caused by residual oxygen; however,
measurements on water in the absence of protein indicate
that our deoxygenation methodology is sufficient for re-
moval of the high-field dispersion caused by dissolved
oxygen. Furthermore, the oxygen contribution to the proton
relaxation rate constant is independent of the isotope com-
position. Therefore, the relaxation contribution to the H2O
solution and the HOD solution should be the same if the
source is oxygen. However, the contributions are signifi-
cantly different in amplitude and in nearly the same ratio as
the low-field dispersion amplitudes. We, therefore, tenta-
tively attribute this residual high-field dispersion to internal
motions involving the protein-bound water molecules or the
protein, or both.
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CONCLUSIONS
These experiments demonstrate that the technique of ob-
serving the residual protons in D2O solutions effectively
extends the dynamic range of the sample-shuttle HR-MRD
technique by as much as two orders of magnitude. This
extension increases the applicability of the technique to a
wider range of physical conditions and sample composi-
tions. The magnetic field dependence of proton spin-lattice
relaxation rate constants in dilute oxygen-free protein solu-
tions has a Lorentzian dispersion at an inflection frequency
that is very simply related to the rotational correlation time
of the molecule. In the absence of oxygen, there is no
evidence of effects due to a distribution of exchange times.
The observed rotational correlation times are in agreement
with other measurements of rotational mobility, which im-
plies that protein aggregation has been considerable in many
previous studies. The spin-lattice relaxation in H2O solu-
tions is dominated by intramolecular relaxation effects, but
also contains a significant contribution from intermolecular
relaxation and proton exchange. These ratios are consider-
ably different in D2O solutions where the intramolecular
relaxation mechanism is scaled and the observed relaxation
dispersion is dominated by intermolecular effects including
direct water–protein proton–proton interactions and the ef-
fects of proton exchange. Using this information, we deter-
mine that there are 25  4 water binding sites on BSA with
exchange times in the approximate range between 1 ms and
the rotational correlation time of the protein. By analysis of
the intermolecular fraction of the relaxation, we estimate
that each water binding site has the equivalent of 2–4 van
der Waals proton–proton contacts between the protein and
the bound water molecule protons. This approach should be
general and easily applied to a variety of proteins, which
will permit characterization of water–protein dynamics and
rotational correlation times at low protein concentrations.
Because we have demonstrated that the relaxation disper-
sion is simply described by a Lorentzian shape, the changes
in the relaxation dispersion shape with protein concentration
may be used to study protein aggregation.
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